Significant advancements have been made in the diagnosis and management of congenital heart disease (CHD). As a result, a higher percentage of these patients are surviving to adulthood. Despite this improvement in management, these patients remain at higher risk of morbidity and mortality, particularly in the perioperative setting. One new area of interest in these patients is the implementation of simulation-based medical education. Simulation has demonstrated various benefits across high-acuity scenarios encountered in the hospital. In CHD, simulation has been used in the training of pediatrics residents, assessment of intraoperative complications, echocardiography, and anatomic modeling with 3-dimensional printing. Here, we describe the current state of simulation in CHD, its role in training care providers for the management of this population, and future directions of CHD simulation.
Introduction
Simulation-based medical education has continued to expand over the last few decades. In pediatrics, simulation has been used as a method to study clinicians' ability to manage high-acuity scenarios that may be encountered with variable frequency in both training and practice. Simulation allows trainees to develop skills for management of these crises in a safe, standardized environment, while providing them with an opportunity for feedback and evaluation without causing patient harm. To date, simulation studies have been shown to be useful in assessing physicians' knowledge in a variety of situations, including resuscitation, endovascular procedures, and anesthetic management. [1] [2] [3] Simulation also can aid in the acquisition of event-specific skills in an accelerated manner in comparison to peers who encounter scenarios in more traditional methods of training such as "see one, do one, teach one." 4 Though simulation has been shown to facilitate the acquisition of event-specific skills, these skills may not generalize to the management of other critical events. 5 As such, its usefulness in training for a variety of diseases needs to continue to be examined.
One population that has garnered increased attention are patients with congenital heart disease (CHD). With advances in the treatment of CHD, current studies indicate that roughly 90% of children with CHD survive into adulthood. 6, 7 In a 2007 study, the incidence of severe CHD, defined as having the highest risk of cyanosis or requiring surgical intervention early in life, was described to be 12% of children with heart disease. 8 This high-risk subset within the CHD population is expected to continue to increase in number as medical advancements allow for improved care. 9 As CHD patients continue to grow into adulthood, higher numbers of these patients are undergoing noncardiac surgery. By some estimates, nearly 50% of children with CHD require noncardiac surgery over their lifetime. 9 Notably, both the pediatric and adult CHD populations have increased morbidity and mortality when undergoing noncardiac surgery compared the general population. 10, 11 Risks in this patient population include perioperative cardiac arrest, and a higher mortality at postoperative days 1, 3, and 30. 10, 12 Importantly, this increased risk applies to minor, laparoscopic, and major surgical procedures. 13, 14 These findings illustrate the importance of optimal management of these patients, particularly due to their potential for hemodynamic compromise.
In this review, we aim to highlight the complexity of CHD, while describing the role of simulation to better prepare clinicians for this high-risk patient population. We discuss simulation in the education of residents, nurses, and students in CHD, and novel tools that are currently benefitting care providers in CHD management. Specific simulation methods are discussed as they relate to a variety of care providers whose experience with this population is critical to the care these patients receive.
Methods
The current study is a literature review of scientific articles of any study design published through July 31, 2017, on the use of simulation as a tool for education in congenital heart disease. A keyword-based literature search was conducted using the terms congenital heart disease, heart defects, simulation, interactive learning, 3D printing, anatomic models, and medical education. The specified keyword search revealed 57 articles. The abstract and titles of all relevant articles published and available in English were reviewed by the investigators AS, DK, SD, and AG, with disagreements on inclusion moderated by AG. Studies included in the present review reported primary research and focused on CHD and simulation-based medical education. Articles not included in the study did not meet our criteria for utilization of simulation for medical education. Additionally, our keyword search extracted articles focused on medical education without simulation and articles not pertinent to CHD, which were excluded from this review. Our search captured several studies that focused on echocardiogram simulation and congenital heart disease, but only referred to the development of technologies. These studies were not included in the present review due to a lack of focus on trainee development. Other studies in our search examined the role of 3D printing in cardiology, without specifically focusing on simulation-based medical education were also excluded as the focus of such articles were outside of the scope of this literature review. Review articles on 3D printing in cardiology were identified in our search, and excluded as our inclusion criteria required that only primary research be present in this study. Reference lists of included studies were examined to identify other articles that fit our inclusion criteria. In total, 13 articles were included in this study.
Pediatric Simulation in the Management of Cardiac Disease
One area of research that has developed in CHD simulation is the evaluation of pediatrics residents. As pediatric cardiac intensive care units (ICUs) are becoming more prevalent, the management of high-risk cardiac patients are being provided by these units. With this change, it has been suggested that newly trained pediatrics residents may have decreased experience with critically ill cardiac patients. 15 Considering this, simulation may have an important role in preparing pediatrics residents to identify and manage CHD patients when they present with decompensation.
Mohan et al 16 performed a study to assess whether highfidelity patient simulation would improve pediatric residents' knowledge of cardiology. Senior residents on their cardiology rotation were randomized into 2 groups, both receiving access to online curriculum and inpatient teaching sessions, with the study group also participating in simulation-based teaching. Residents in both groups completed a cardiology quiz after exposure to the online curriculum and teaching. Subsequently, the study group participated in simulated patient cases while the control group had no further teaching. Both groups then took a case quiz, with the simulation group having a significantly higher mean score than the control group. This study illustrates the feasibility and benefit of including a structured simulation curriculum in teaching pediatric residents about heart disease. 16 Harris et al 17 implemented a simulation case-based curriculum to train pediatric residents in managing acutely ill cardiac patients. Their single group intervention study included a pretest, posttest, and retention assessment to evaluate the quality of simulation curriculum in improving the skills of these residents. They showed that residents had difficulty identifying and managing the presentation of 4 acute cardiac patients in the pretest assessment. In the management of ductal-dependent systemic blood flow, 34% of residents did not start prostaglandin E, and several used a dose that was lower than recommended. Roughly 40% of residents had difficulty identifying the presentation of a Tet spell. After debriefing and reviewing the learning objectives, residents had improved performance in the posttest assessment, with checklist scores increasing in history taking, examination, and management of these patients. This benefit in knowledge and performance was maintained at 4 to 6 months after the original pretest assessment. 17 Though this study is representative of only a single center, it highlights a possible gap in the ability of pediatric residents to manage high acuity cardiac patients.
Decreased exposure to this population in pediatric residency can cause challenges in the management of these patients. When patients present with acute cardiac decompensation, timely identification is required for optimal management and lower rates of morbidity and mortality. 18, 19 Simulation is a valuable tool that may provide pediatrics residents with more experience in managing these patients. Further studies will need to be performed to elucidate the impact of simulation in training for the management of CHD.
Pediatric CHD Simulation in Anesthesiology
Critical perioperative events are a significant cause of adverse patient outcomes. 3, 20 In congenital heart disease, patients are at increased risk of severe perioperative crises.
Simulation studies have shown a potential gap in the knowledge of pediatric-specific tasks, such as dosing of medications. 21 In patients with CHD, the frequency of cardiac arrest is increased, particularly in those undergoing cardiac surgery. 22 It is the most severe critical incident, and prior studies have shown that children have a higher incidence of cardiac arrest than adults during the perioperative period. 23, 24 Like other pediatric complications, these episodes of cardiac arrest have been noted to be more frequent in infants less than 1-year-old in comparison with older children. 25, 26 Recent studies have been used to identify the role of simulation in preventing and managing pediatric cardiac arrest related to anesthesia. Tofil et al 27 examined residents' performance in managing simulated prone ventricular fibrillation arrest caused by hyperkalemia in pediatric patients. Residents were paired in teams of 2 and encountered the scenario together. The majority recognized ventricular fibrillation in sufficient time, but many resident teams delayed definitive treatment with defibrillation. In addition, only 38% of participants recognized that hyperkalemia was the cause of the cardiac arrest. Similar results, including a delay in treatment of cardiac arrest, have been shown in pediatrics residents managing simulated cardiac arrest. 27 Howard-Quijano et al 28 also studied residents' ability to manage a simulated hyperkalemic cardiac arrest in pediatrics. After onset of cardiac arrest, many participants appropriately checked for pulses, initiated cardiopulmonary resuscitation, and administered epinephrine. Though these resuscitation measures were performed adequately in some cases, residents did not consider factors specific to pediatric resuscitation. Age-related chest compression rate, medication dosages, and volume administration were incorrectly performed by most residents. 28 Children with CHD are at increased risk for anesthesiarelated mortality. 29 In part, this increase is because of higher incidence of perioperative events, such as cardiac arrest. 25 Given the infrequent and random nature of these events, training in the management of intraoperative crises using simulation has become increasingly useful. Rare exposure to these events can make evaluation of anesthesiology residents' performance more challenging as well. Simulation may allow residents to gain exposure to these critical scenarios to appropriately respond and manage them when experienced in the operating room.
Echocardiogram Simulation for Congenital Heart Disease
Simulation also has utility in improving technical skills and may therefore be used to improve diagnosis in CHD. Echocardiography is the primary method used to diagnose CHD. Becoming proficient in echocardiography and CHD diagnosis is challenging as there are a variety of congenital heart defects and they occur relatively infrequently. Additionally, echocardiography in CHD requires strong technical and interpretation skills, the ability to assess disease severity, and an understanding of relevant views for identification of CHD. 30 Considering these factors, trainees must have vast exposure to pediatric echocardiography to develop advanced skills for diagnosis.
Weidenbach et al 31 developed a simulator on a life-size manikin for transthoracic real-time 3D echocardiography. In determining the validity of this tool, they enrolled expert sonographers, experienced sonographers, and beginners to diagnose a variety of CHD lesions. Validity of the simulator was shown as the expert group correctly diagnosed almost all datasets with a performance grade of 0.98 out of 1, the experienced had a mean score of 0.69, and the beginners a 0.44. Participants reported that the simulator and echocardiographic images were realistic, the CHD lesions were simulated realistically, and that they believe simulated echocardiography is a valuable tool for training. The study demonstrated that simulated echocardiography was well received and that real-world sonographic skills were translated to the generated simulator. 31 To assess the usefulness of simulated echocardiography, Wagner et al 32 performed a study training residents in diagnosing CHD. Ten pediatric residents, who had limited or no experience in echocardiography of CHD, completed a multiple-choice pretest related to image orientation and features of congenital heart defects. Subsequently, they participated in a 2-part simulator course focusing initially on basic echocardiography and then CHD. The simulated congenital heart disease cases included a normal heart and a variety of cardiac defects, including hypoplastic left heart syndrome, atrial septal defects, and tetralogy of Fallot. In these 9 echocardiogram cases, residents correctly identified 3 lesions in the pretest exam, and 8 after simulation training. Residents had a modest improvement in the multiple-choice posttest exam scores as well. This study shows that simulated echocardiogram, without supplementary lectures or presentations, may benefit residents in acquiring skills for diagnosing CHD. 32 In CHD, a significant number of neonates and infants present in urgent scenarios, which would not be suitable for training. 33 Simulation allows for trainees to develop the skills necessary for these critical diagnoses, without putting patients at harm. Given these data, simulated echocardiography may improve the ability of residents to diagnose high-acuity lesions and initiate treatment in a timely fashion. In addition, simulation may provide a level of exposure to echocardiography that could accelerate trainees' development. Many specialties are increasingly using bedside ultrasound, so training the skill of sonography through simulation may result in improved decision making across a variety of situations.
Simulation With 3D Printing in Congenital Heart Disease
Teaching the anatomy of CHD has generally involved the use of radiological imaging and pathological specimens. With the advent of 3D printing, improved modeling may be available as a source of information for clinicians both in preparation for surgery and in the assessment of physiologic status. CHD includes numerous anatomic defects of varying complexities; thus, 3D printing has been increasingly used to help understand this group of diseases. Furthermore, 3D modeling of hearts has been shown to be valuable in procedure planning and clinical decision making. 34 Three-dimensional printing may be valuable in helping care providers manage the postoperative period. In one study evaluating the usefulness of patient handoffs, a congenital cardiac surgeon and an intensive care physician conducted a simulation training session on postoperative care using patients' specific 3D heart models. This information was received by physicians, nurses, and ancillary care providers in the pediatric cardiac ICU. The providers, particularly nurses and ancillary care providers, who received the simulation-based handoff self-reported increased understanding and clinical ability. Cases with increased complexity resulted in greater improvement in understanding of the surgery. In comparison to traditional handoffs, providers reported that 3D model focused handoffs were more helpful. 35 As described previously, the perioperative period is critical in CHD patients. An increased understanding of CHD lesions, their postoperative anatomy, and their corresponding complications may improve outcomes in this high-risk population. Furthermore, the value of educating a variety of providers may result in improved multidisciplinary care.
Patient-specific models for congenital heart disease have been used as an education tool specifically for nurses as well. Biglino et al 36 integrated 3D printed models as part of a 5-day course on congenital heart defects. Nurses received a presentation explaining how the models were generated, and were encouraged to manipulate and discuss the models during breaks in the course. At the end of the course, nurses completed a questionnaire on their views of the 3D models. Many nurses responded that the models aided in their learning experience and provided more information than diagrams. 36 The applicability of 3D printing to various providers is highlighted in these studies. Improvement in understanding CHD anatomy may provide benefits to nurses, physicians, and other staff involved in the care of this patient population.
Three-dimensional modeling has also been studied as a method of educating individuals on the anatomy and corresponding pathophysiology of specific CHD lesions. Costello et al. used 3D printed models of ventricular septal defects (VSD) as part of a teaching curriculum for premedical and medical students. Students participated in a didactic session on VSD anatomy and 3D printing, a didactic on radiographic imaging of the heart, and a teaching and simulation session using the high-fidelity 3D models. Students completed preand postseminar questionnaires. Overall, students reported a significant increase in knowledge acquisition, knowledge reporting, and structural conceptualization. 37 While these results were encouraging for the potential of 3D modeling in the education of specific CHD lesions, there were limitations to this study. For instance, these results may have been influenced by the relatively low baseline knowledge of CHD that premedical and medical students have. The same group used 3D heart models of subtypes of VSDs to train pediatric residents in the management of patients with CHD. Seminars were developed to educate trainees on the anatomy and clinical management of various VSDs, specifically the immediate postoperative management in the ICU. Residents participating in the study had improved ability to report on this knowledge and developed proficiency in conceptualizing VSD anatomy. Importantly, residents reported improvement in their ability to describe postoperative complications and management in patients with repaired VSD. 38 These studies demonstrate the feasibility of 3D modeling focused curriculum. The combination of these studies validates the efficacy of 3D printing in simulation-based education for CHD.
While the previous studies helped show the value of 3D printing in teaching pediatric residents CHD knowledge, this had not yet been demonstrated in comparison with a control group. In a recent study, Loke et al 39 attempted to quantify the impact of using 3D models of tetralogy of Fallot lesions for teaching pediatrics residents. Residents with limited exposure to tetralogy of Fallot were randomized into 2 teaching cohorts, one using conventional 2D drawings and the other using 3D models developed from cardiac imaging. Of the 35 residents included in this study, individuals in the 3D modeling cohort scored higher on the postsession knowledge acquisition exam. This difference was not statistically significant. 39 Despite this, learner satisfaction was higher in the 3D modeling cohort, consistent with prior studies of 3D printing in CHD.
Jones and Seckeler 40 focused on using 3D models of vascular rings and slings to supplement lectures in resident education. In their study, 63 pediatrics and combined pediatrics/emergency medicine residents were randomized into intervention and control groups. At baseline, participants reported discomfort with their knowledge of anatomy, diagnosis, and treatment of vascular rings and slings. Both groups received the same 20-minute lecture on vascular rings and slings, but 3D printed models of each lesion were distributed to the residents in the intervention group. Residents in both groups reported increased comfort in the anatomy, diagnosis, and treatment of rings and slings. In the postlecture exam, the intervention group had a higher average score, though this improvement was not statistically significant. 40 This 3D modeling-based curriculum demonstrated both a subjective and objective improvement between pretest and posttest scores. Overall, these studies using 3D printing as a source for education in CHD have shown the ability to improve knowledge and reported management skills for patients who are at high-risk for complications resulting from their anatomic defects. The role of 3D printing in CHD has also been studied in the outpatient setting. Biglino et al 41 performed a randomized study to examine the role of cardiac modeling in improving communication between cardiologists and parents of CHD patients. One cohort of parents had a 3D model of their child's cardiac anatomy printed and cardiologists used the model to educate parents on their child's anatomic defect and if applicable, the role surgery would play in correcting the defect. Parents in the control group had a regular visit with their cardiologist. Parents rated their preconsultation knowledge highly, and those in the model cohort reported a slightly higher knowledge than the control cohort postconsultation, though this was not statistically significant. Of note, parents and cardiologists reported that the model was very useful, and parent's feedback indicated that the 3D models had been more helpful than medical images. 41 Further studies will have to be performed to show whether 3D printing can assist patients and families who hope to understand complex medical diagnoses.
Notably, many of these studies have endpoints that do not directly relate to patient outcome, instead reporting subjective results such as self-evaluation. Despite the lack of concrete data displaying a benefit to patient outcome, data have shown the potential for 3D printing to improve care providers' knowledge base and ability to apply this knowledge. Reports on 3D printing in CHD are rapidly being produced as this technology is becoming more available. Further studies will need to be performed to understand the potential impact of 3D printing on perioperative and postoperative outcomes in CHD, particularly in patients with complex anatomy.
Discussion
Simulation studies in congenital heart disease are becoming increasingly prevalent, particularly as it relates to the utilization of 3D printing. To date, however, simulation studies have been sparse. Despite the limited investigation of simulation in CHD, current studies have shown significant potential in identifying areas to improve in CHD education of every member of the interdisciplinary team responsible for the care of these patients. In our evaluation of studies on pediatrics residents, there seems to exist a gap in the ability to manage acute presentations in these patients. Appropriate management of this population is critical, particularly during the initial presentation of CHD. Further studies must be performed to identify whether these gaps are present on a wider scale. Implementation of simulation-based medical education may result in an improved knowledge base and enhance management skills of pediatrics residents in CHD. Accurate diagnosis and treatment in CHD can be critical in these high-risk patients, as timely management of decompensations improve outcomes. For this reason, simulated echocardiography has become a point of focus in CHD education. In clinical practice, the presentations of a variety of CHD lesions are rare and haphazard making it difficult to achieve expertise in echocardiographic diagnosis of CHD solely in the clinical environment. Simulation has value in exposing trainees to scenarios that are rare clinically. Further studies will need to be performed to assess whether use of simulation in diagnosis of CHD, specifically as it relates to acute decompensations, may benefit patients.
In considering the broad range of CHD lesions of varying complexity, education based on CHD anatomy may become valuable in patient management. In our review of simulated anatomy teaching with 3D printing, studies demonstrated the potential to assist clinicians in their understanding of CHD defects. Reports of improved knowledge base and understanding of postoperative complications were described. Despite several studies indicating that 3D models resulted in knowledge acquisition and confidence with managing CHD, these were primarily assessed by self-reporting or through administered assessments that may not translate to patient care. Furthermore, many of these studies failed to report a statistically significant improvement in knowledge acquisition with 3D printing. Direct benefits to patient outcome have yet to be shown in simulation with 3D printing for CHD. Though problematic, the limitations of these studies are not concerning enough to dismiss the usefulness of 3D printing in CHD. Benefits to clinician knowledge may prove critical for the postoperative management of these patients, where they are subject to higher rates of complications. 42 Continued development of 3D models may benefit surgeons in preparation for challenging anatomic lesions. To date, 3D printing has been a valuable resource for preoperative planning in cardiovascular disease. 34 Patientderived 3D models have been used as a training set-up for valve surgery. 43 Outside of cardiology, 3D printing has been studied in the development of procedural training for bronchoscopy. 44, 45 For congenital heart disease, adequate surgical planning with 3D models has been suggested to minimize intraoperative complications and potentially improve surgical mortality rates. 46 Educational interventions using 3D printing in CHD carries many potential benefits across a variety of specialties. Further demonstrating the value of 3D printing in education, one recent meta-analysis indicates that teaching utilizing physical models such 3D printing significantly improves long-term retention in comparison to traditional teaching methods. 47 This highlights the importance of continuing to objectively assess the role of 3D models in teaching CHD.
One integral aspect of the utility of simulation-based learning is described by Kolb's experiential learning theory. In this model, experiential learning is described as allowing for knowledge acquisition through the transformation of experience. Learners become involved in an experience, reflect on the experience, conceptualize, and then actively try out what they have learned. Optimal learning in simulation utilizes these concepts, as individuals participate in a simulated event, debrief involving reflective observation and abstract conceptualization, and continue to learn through active experimentation. 48 Simulation has shown the potential to improve both procedural and nontechnical skills. 49, 50 Yee et al 50 showed that task management, teamwork, situational awareness, and decision making during crises were improved in residents using simulation-based training. More important, the applicability of simulation in clinical practice has been demonstrated in a variety of complex scenarios within the hospital. For instance, simulation training for internal medicine residents in Advanced Cardiac Life Support resulted in improved adherence to American Heart Association guidelines in comparison to traditional training. 51 Simulation has advanced training in a variety of avenues, but its most significant impact has been in the development of procedural skills. The clinical impact of this training is apparent in carotid artery stenting, a challenging procedure with a physician learning curve that carries unacceptably high risk for patients. Simulation-based training for carotid artery stenting is increasingly being advocated for by vascular surgeons and the Food and Drug Administration. 52 Recently, studies have shown that use of such educational initiatives allows inexperienced physicians to narrow the gap in ability between them and their experienced counterparts. 53 Though aspects of the management of CHD are not solely procedural in nature like carotid artery stenting, high-risk presentations, and acute decompensations occur and may be areas to target using simulation. While not specifically touched on during this review due to the lack of simulation training in CHD surgery, the morbidity and mortality of surgeries in CHD patients has been tied to the surgeon's proficiency and volume of cases. 54, 55 Incorporating 3D printing into preoperative planning may be a valuable method of training surgeons to improve outcomes in congenital heart disease surgery. In addition to procedural benefits, simulation may also assist trainees by improving retention beyond the original simulation training period. In advanced cardiac life support simulation training, skills were retained up to 14 months beyond the original training session. 56 This result has also been shown in the management of shoulder dystocia, where care providers maintained their skill up to 12 months after training. 57 High-fidelity simulation in the training and assessment of residents continues to expand, and its value is continuing to be demonstrated over numerous clinical tasks and procedures. 58 As pediatric patients with CHD are increasingly living through adulthood, the population is becoming more diverse. Because of this, individuals with CHD are more likely to undergo general procedures such as noncardiac surgery. Importantly, studies have shown that CHD patients experience increased perioperative and postoperative mortality for noncardiac surgeries. Patients with severe CHD are at higher risk for complications in the perioperative period, and thus require close monitoring postoperatively. Such patients have been noted to have increased length of stay following both cardiac and noncardiac surgery. 59, 60 Management of these patients may be optimized by providing extensive interdisciplinary education to care providers. Adults with CHD are a vulnerable population as well, and estimates suggest that there are more adults than children with CHD. These patients are challenging to manage as pediatric cardiac surgeons understand the anatomical variation of CHD, yet their surgical care is not managed in a pediatric setting. Further complicating the management of these patients, most adults with CHD do not receive their outpatient surgeries at specialized CHD centers. 61 There is an opportunity for simulation training to be used to train surgeons and ancillary providers on the proper care for adults with CHD.
Because of the complexity of CHD, including pre-and postoperative anatomy and various pathophysiologic concerns, education in CHD may be challenging. However, with the advent and growth of simulation-based medical education, educational initiatives may be more feasible, and could potentially result in improved management of CHD patients. As technology improves and novel teaching methods continue to develop, care providers may be able to develop a greater understanding of complications these patients are at risk for. To date, these studies have shown the potential to improve diagnosis, management, and knowledge base of trainees undergoing simulation-based medical education (see Table 1 ). In CHD, simulation is an expanding field where further work needs to be undertaken.
Conclusion
To date, simulation-based education in congenital heart disease has consisted primarily of exposure to acute CHD events, improving diagnosis in critical scenarios, and 3D modeling for the purpose of improving structural conceptualization of these complex lesions. Furthermore, perioperative complications of CHD have been examined in simulated anesthesiology cases. Despite these valuable studies, there exists a significant gap in the use of simulation for CHD. Only minimal studies have been conducted in examining the role of simulation in training pediatrics residents to manage the high-risk CHD population. Simulation of perioperative events and postoperative management have been limited as well, even though this group is at significant risk for morbidity and mortality. Added education in CHD could provide valuable in decreasing these statistics, while providing clinicians with more tools to prepare for high-risk situations. With the implementation of improved methods of teaching using simulation and newer technologies such as 3D printing, the outcomes in this ever-growing CHD population may greatly benefit.
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